Aims/hypothesis. Type 1 diabetes mellitus is caused by autoimmune pancreatic beta cell destruction, and the destructive process involves several molecular mechanisms including oxygen-reactive species. A cysteine derivative, N-acetyl-cysteine, is widely used as an antioxidant, but the role of N-acetyl-cysteine in the protection of pancreatic beta cells in Type 1 diabetes remains unclear. The aim of this study was to clarify the effect of N-acetyl-cysteine on beta cells using an adoptive transfer system in a murine model of Type 1 diabetes. Methods. Splenocytes from diabetic female non-obese diabetic mice were transferred into female non-obese diabetic scid/scid recipients to induce diabetes. Just after transfer, N-acetyl-cysteine was administered to non-obese diabetic scid recipients. Two weeks after transfer, the pancreas of the recipients was examined histologically, and cytokine mRNA expression in the pancreas was analysed. In vitro, CD4-positive splenocytes from diabetic donor mice were stimulated with anti-CD3 and anti-CD28 antibodies with or without N-acetyl-cysteine. Results. Treatment with N-acetyl-cysteine significantly accelerated the transfer of diabetes into non-obese diabetic scid recipients. Treatment with N-acetyl-cysteine accelerated the infiltration of mononuclear cells accompanied by CD8-positive cells into the intra-islet region of the recipient's pancreas, and enhanced interferon-gamma mRNA expression in the pancreas. In vitro, treatment with N-acetyl-cysteine enhanced interferon-gamma and interleukin-2 production by CD4-positive splenocytes of the diabetic donor mice. 
Introduction
Type 1 diabetes mellitus is considered to be caused by autoimmune-mediated pancreatic beta cell destruction. The destructive process involves several cellular With regard to immunological properties, NAC enhances T cell function through mitogenesis, IL-2 production, and growth [9] . Treatment with NAC in vivo improved the function of macrophages and lymphocytes, in terms of, for example, the ability of adherence, chemotaxis, phagocytosis, and oxygen-reactive species production [10] . Treatment with NAC was reported to suppress the spontaneous development of diabetes in young NOD mice [11] . However, it is possible that administration of NAC would rather promote the development of T lymphocytes to IFN-γ-producing cells and accelerate pancreatic beta cell destruction, based upon the above-mentioned effect of NAC on T cell function. To clearly evaluate the effect of NAC on beta cell protection, we used an adoptive transfer system of diabetogenic splenocytes into NOD scid/scid (NOD scid) recipients treated with NAC.
Materials and methods
Animals. Female NOD and female NOD scid mice (5-10 weeks old) were purchased from CLEA Japan (Tokyo, Japan). They were kept under specific pathogen-free conditions and treated in accordance with the institutional animal care guidelines of Keio University School of Medicine. The principles of animal care were followed (NIH publication no. 85-23, revised 1985). Urinary glucose analysis was performed using Tes-tape (Shionogi, Osaka, Japan) every other day. Plasma glucose levels were determined using Glutest-Ace (Sanwa Kagaku, Nagoya, Japan) when glycosuria was detected, and mice with a blood glucose level above 13.9 mmol/l were considered to be diabetic.
Preparation of splenocytes and adoptive transfer experiment.
The spleen from each mouse was removed aseptically and minced. After lysing red blood cells, the cells were washed three times with PBS. Splenocytes from donor diabetic female NOD mice (16-32 weeks old; blood glucose >13.9 mmol/l) were resuspended at an appropriate concentration for transfer (0.8×10 7 cells/ml), and 250 µl of the cell suspension (including 2×10 6 splenocytes) was injected intraperitoneally into each female NOD scid recipient.
Drug administration. N-acetyl-cysteine (A7250; Sigma, St. Louis, Mo., USA) was administered to NOD scid recipients in the drinking water (1 mg/ml) in the NAC group for the indicated period in each experiment. In the control group, the recipient mice had free access to water.
Histological examination. The pancreas of each recipient was removed 2 weeks after transfer, then fixed in 10% formaldehyde, and embedded in paraffin. Thin sections at ten levels, 150 µm apart, were cut for staining with haematoxylin-eosin to evaluate islet-infiltrating cells by light microscopy. At least 40 islets from each recipient mouse were observed and scored using the following criteria: grade 0, islets free of insulitis; grade 1, peri-insulitis; grade 2, intra-insulitis with mononuclear cell infiltration of less than 50% of the area of each islet; grade 3, intra-insulitis with mononuclear cell infiltration of more than 50% of the area of each islet.
Immunohistochemical examination. The pancreas of each recipient mouse was embedded in optimal cutting temperature compound (Tissue TEK, Tokyo, Japan) and frozen in liquid nitrogen. Sections (10 µm thick) were cut with a cryostat, placed on 3-amino-propyltriethoxysilane-coated slides and fixed in ice-cold acetone for 10 min. Slides were washed with PBS and then incubated with FITC-conjugated anti-CD8 antibody or PE-conjugated anti-CD4 antibody (Pharmingen, San Diego, Calif., USA) at 37°C for 1 h. Following subsequent washes with PBS, specimens were observed with a fluorescence microscope (Olympus, Tokyo, Japan).
Cell purification and polyclonal stimulation of splenocytes. To purify CD4-positive or CD8-positive splenocytes, splenocytes were prepared by magnetic separation using a MiniMACS system (Miltenyi Biotec, Auburn, Calif., USA) according to the manufacturer's instructions. Briefly, splenocytes were incubated with anti-CD4 or anti-CD8 magnetic microbeads for 15 min, washed and collected on a magnetic flow-through column. To stimulate CD4-positive or CD8-positive splenocytes, cells were suspended in RPMI 1640 medium (Gibco-BRL, Grand Island, N.Y., USA) supplemented with 2% heat-inactivated fetal bovine serum (Gibco-BRL) and penicillin/streptomycin (Gibco-BRL). The CD4-positive or CD8-positive splenocytes (0.5×10 6 ) resuspended in 250 µl culture medium were transferred to each well of a 96-well plate precoated with anti-CD3 antibody, and anti-CD28 antibody was added to each well (final concentration 1 µg/ml; Pharmingen). In other sets of experiments "unpurified" splenocytes were used, and were transferred in amounts of (1×10 6 ) to each well of a 96-well plate and stimulated with anti-CD3 antibody (final concentration 5 µg/ml). The cells were cultured for 72 h at 37°C in a humidified 5% CO 2 atmosphere. The supernatant was collected at the end of culture and frozen at −80°C until cytokine assay.
Flow cytometry. FITC-or PE-labelled antibodies against CD4, CD8 and T-cell receptor were purchased from Pharmingen. Cells were incubated with labelled antibodies for 20 min at 4°C and washed twice. Samples were analysed on an EPICS XL (Beckman Coulter, Miami, Fla., USA). The numbers of CD4-positive and CD8-positive cells with T-cell receptor were counted.
Cytokine measurement by ELISA. Each cytokine (IFN-γ, IL-4, IL-2) was measured by ELISA. Briefly, a flat-bottom 96-well plate was coated with anti-IFN-γ, anti-IL-4 or anti-IL-2 antibodies (Pharmingen) with overnight incubation at 4°C. Collected supernatants and standards (purified recombinant IFN-γ, IL-4, IL-2; Pharmingen) were added, and the plate was incubated for another 2 h. After washing, biotinylated anti-IFN-γ, anti-IL-4 or anti-IL-2 antibodies (Pharmingen) were added, which was followed by another 1-h period of incubation. AB solution (Vecstatin ABC kit; Vector Laboratories, Burlingame, Calif., USA) was then added and the plate was incubated for another 30 min. Finally, the colour reagent (TMB substrate; Pharmingen) was added and the optical density was measured using an ELISA reader (Bio-Rad, Richmond, Calif., USA) at 450 nm. The amount of cytokine present was determined from standard curves.
Semi-quantitative PCR analysis of cytokine mRNA. Total RNA was extracted from the pancreas of recipients using an Rneasy Mini Kit (Qiagen, Tokyo, Japan). The extracted RNA was reverse-transcribed using a Not I-d(T)18 primer and a FirstStrand cDNA synthesis kit (Amersham Pharmacia Biotech, UK), according to the manufacturer's instructions. Semi-quantitative PCR was carried out for IFN-γ, IL-4, IL-1β, IL-2, TNF-α, FAS and GAPDH (internal control) in an ABI Prism 7700 sequence detector (PE Applied Biosystems, Tokyo, Japan). Briefly, the probes were labelled with the fluorescent reporter dye FAM (6-carboxylfluorescein, covalently linked to the 5′ end of the oligonucleotide) and the quencher TAMRA. The primer and probe sequences used have been reported elsewhere [12, 13] . All reactions were performed using TaqMan Universal MasterMix (PE Applied Biosystems, Tokyo, Japan). The obtained mRNA level was expressed relative to the GAPDH PCR product amplified from the same sample ([sample PCR product/GAPDH PCR product]×constant).
Statistical analysis.
Results are presented as means ± SEM. Log-rank test was used to compare the incidence of diabetes in the recipients. Differences in insulitis score, cytokine production levels and mRNA expression levels between the two groups were analysed using the Mann-Whitney U test for nonparametric unpaired observations.
Results
Firstly, we assessed the effect of NAC on the induction of diabetes by splenocytes from diabetic NOD mice. We transferred 2×10 6 splenocytes from donor diabetic female NOD mice into female NOD scid recipients, and just after transfer, NAC was delivered via the drinking water to recipient NOD scid mice in the NAC group. Surprisingly, as shown in Fig. 1 , treatment with NAC significantly accelerated the transfer of diabetes to NOD scid recipients (p<0.002 by log-rank test). When splenocytes were transferred from non-diabetic donor female NOD mice (8 weeks old) to NOD scid recipients and NAC was delivered just after transfer, NAC-induced acceleration of diabetes was not observed in the recipients of non-diabetic NOD splenocytes, indicating that the accelerating effect of NAC is limited to the late stage (diabetic phase; data not shown). To exclude the possibility that NAC treatment could affect the vulnerability of beta Fig. 1 . Cumulative incidence of diabetes in NOD scid recipients after transfer of diabetogenic splenocytes. After transfer of splenocytes from diabetic NOD mice to NOD scid recipients, N-acetyl-cysteine was administered to NOD scid mice in the drinking water in the NAC group (n=25, white circles). In the control group (n=25, black circles), NOD scid recipient mice had free access to water. * p<0.002 vs control by log-rank test Fig. 2 . Cumulative incidence of diabetes in NOD scid recipients treated with N-acetyl-cysteine before transfer of diabetogenic splenocytes. NOD scid recipients were treated with Nacetyl-cysteine for 4 weeks before transfer of splenocytes from diabetic NOD mice, and the treatment was discontinued after transfer (NAC group, n=10, white circles; control group, n=10, black circles) cells in the recipients, we treated NOD scid recipients with NAC from 4 weeks before transfer to just before transfer and discontinued the treatment after the transfer of splenocytes from diabetic donor NOD mice. Treatment before transfer did not accelerate the transfer of diabetes into NOD scid recipients (Fig. 2) .
To dissect the process of disease acceleration, we evaluated the pancreas of the recipients 14 days after transfer. Infiltration of mononuclear cells into pancreatic islets was observed in both the NAC group and the control group. However, the grade of mononuclear cell infiltration, "insulitis score" (Fig. 3) , was signifi- Fig. 3 . Histological evaluation of the pancreas of NOD scid recipients in the NAC group and the control group 14 days after transfer of diabetogenic splenocytes. The pancreas of NOD scid recipients in the NAC group and the control group was studied by staining with haematoxylin-eosin to evaluate islet-infiltrating cells. Mononuclear infiltration into pancreatic islets was graded in each group as follows: grade 0 (unfilled), grade 1 (solid diamonds), grade 2 (solid lines) and grade 3 (filled). p=0.025 by Mann-Whitney U test cantly higher in the NAC group than in the control group (p=0.025, Mann-Whitney U test). In addition, immunohistochemical analysis revealed that CD8-positive cells invaded pancreatic islets in the NAC group that were greater than those in the control group (Fig. 4) . When an islet with CD8-positive cell infiltration of more than 50% of its area was described as a CD8-dominant islet, the number of CD8-dominant islets in the NAC group was significantly greater than that in the control group (14 CD8-dominant islets/23 islets in the NAC group vs 1 CD8-dominant islet/21 islets in the control group; p<0.0001, Fisher's exact test). Next we examined cytokine mRNA expression levels in the pancreas of the recipients 14 days after transfer or at the onset of diabetes. Expression of IFN-γ in the pancreas of the NAC group was higher than that in the pancreas of the control group at the onset of diabetes (p=0.004 vs control by MannWhitney U test; Fig. 5 ). Expression of FAS and TNF-α in the pancreas of the NAC group was higher than that in the control group, but the difference was not statistically significant. There was no difference Subsequently, we evaluated the effect of NAC on expansion and cytokine production of transferred lymphocytes in the periphery of NOD scid recipients. At 14 days after transfer, the numbers of CD4-positive and CD8-positive T cells in the spleen of the recipients in the NAC group (1.16×10 6 vs 0.23×10 6 respectively) were not different from those in the spleen of the recipients in the control group (1.18×10 6 vs 0.31×10 6 respectively). There was no difference in IFN-γ and IL-2 production by splenocytes of recipients stimulated with anti-CD3 antibody in vitro between the NAC group and the control group 14 days after transfer (Fig. 6) .
However, at the onset of diabetes, IFN-γ production of splenocytes in recipients in the NAC group was significantly higher than that in recipients in the control group (p=0.033, Mann-Whitney U test; Fig. 6 ). IL-2 production of splenocytes in the NAC group was also significantly higher than that in the control group (p=0.015, Mann-Whitney U test; Fig. 6 ), whereas there was no difference in IL-4 production between the two groups (data not shown).
Finally, we evaluated the effect of NAC in vitro on cytokine production by CD4 (or CD8)-positive splenocytes from diabetic NOD mice. Splenic CD4-positive cells from NOD mice with overt diabetes were stimulated with anti-CD3 antibody and anti-CD28 antibody, and NAC was added at a final concentration of 1 mmol/l. The production of IFN-γ and IL-2 after 72-h stimulation was accelerated by NAC, although acceleration of IL-4 production was not evident (Fig. 7) . IFN-γ production by splenic CD8-positive cells was also enhanced by NAC.
Discussion
NAC is a thiol-containing compound that has been widely used as a mucolytic agent and is recommended as an antidote for the treatment of acetaminophen overdose. It is generally thought that NAC is transported into cells and hydrolysed, and that it increases the synthesis of glutathione. However, the precise metabolic mechanism of NAC remains unclear [6] . NAC is used as an antioxidant because it increases the intracellular pool of glutathione and scavenges oxidants directly, and it may reduce cardiovascular events and renal dysfunction by increasing the reductive capacity of cells and improving coronary vascular function by a reduction of oxidative stress [7, 8] . It has also been reported that NAC could preserve pancreatic beta cells and insulin secretion in an animal model of Type 2 diabetes [14] .
In this study, using an adoptive transfer system, we revealed that administration of NAC accelerated the transfer of autoimmune diabetes. The time taken to transfer diabetes to NOD scid recipients observed in the control group was consistent with that reported by another group [15] , supporting our finding that administration of NAC accelerated the transfer of diabetes into the recipients in this system. After the onset of diabetes, NAC treatment affected cytokine profile both in the pancreas and in the periphery. However, there was no difference in the expansion of T cells and cytokine profiles in the periphery of the recipients 14 days after transfer, and accelerated pancreatic islet infiltration was found at this point, suggesting that treatment with NAC induced the accumulation and expansion of lymphocytes in the pancreas specifically at the pre-diabetic stage. Treatment with NAC in vivo could promote the proliferation of islet-reactive T cells in the pancreas and could thereby exacerbate islet destruction. The findings that the production of IL-2 by CD4-positive cells from diabetic NOD donor mice was significantly enhanced by NAC in vitro, and that a large number of CD8-positive cells invaded pancreatic islets of recipients treated with NAC (but very few without NAC) 14 days after transfer, support this hypothesis. NAC is also reported to promote cytolytic effector cell generation against tumours and viruses [16, 17] . The higher expression of IFN-γ and TNF-α in the pancreas of the recipients with NAC indicated accelerated immune-mediated beta cell destruction with NAC treatment as well. In addition, it is possible that NAC enhances cytotoxic activity of macrophage in the islets. We observed that the intracellular thiol level in peritoneal macrophages of recipients in the NAC group was higher compared with in the control group (data not shown), and it was reported that macrophages with higher thiol levels produced greater NO 2 and IFN-γ than those with lower levels [11] .
Regarding T-helper cell function, namely T-helper cell type 1 (Th1) and T-helper cell type 2 (Th2) balance, it was reported that treatment with NAC in vivo and in vitro promoted a Th1 response through increased intracellular glutathione level in antigen-presenting cells [18] . However, others reported that cytokine production by splenocytes of BALB/c mice was skewed towards a Th2 pattern when NAC was added in vitro [19] . In this study, we have shown that NAC enhances Th1 responses of NOD splenocytes in vitro and in vivo. Because diabetic NOD mice are likely to show Th1 responses while BALB/c mice are likely to show Th2 responses, this discrepancy might reflect the strain genetic backgrounds [20] . NAC may promote or suppress disease by supplying cystine and cysteine non-specifically to activate T cells and macrophages. In NOD mice it was reported that skewed Th1 responses (malignant phase) follow Th2 responses (benign phase), and that IFN-γ production by Th1 cells is accelerated just before the onset of diabetes [20] . Therefore, the outcomes of intervention with NAC depend on timing [11] . In fact, we did not observe NAC-induced acceleration of diabetes transfer in recipients of non-diabetic NOD splenocytes (8 weeks old), as they may not have Th1-skewed splenocytes. For patients with established pathogenic T cells, NAC treatment may become a double-edged sword. Finally, the possibility of a direct toxic effect of NAC on pancreatic islets was excluded by the finding that treatment with NAC before transfer did not accelerate the diabetes in recipients.
In human Type 1 diabetes and murine models of Type 1 diabetes, strong Th1 and defective Th2 responses were reported to be one of multiple defects in immunological responses [21, 22] . NAC has been used worldwide and many beneficial effects have been reported [6, 7, 8] ; however, as shown here, in vivo administration of NAC can promote autoimmune reactivity, at least in a disease model of Type 1 diabetes. It may therefore be beneficial for clinicians to recognise the possible risk of promoting disease activity with the administration of NAC at a certain stage of autoimmune diabetes.
